ABSTRACT
INTRODUCTION
Guanine rich nucleic acids have long been known to form stable self-structures. X-ray fibre diffraction studies and model building of poly(rl) and poly(rG) suggested a four-stranded structure (1, 2) . The guanine tetrads are stabilized by a total of eight hydrogen bonds and strong stacking interactions (Fig. 1) . The helix has a twist of about 30° per tetrad and it may be possible to accomodate both syn and anti conformations of the glycosidic bond in the sugar phosphate backbone (3, 4) . An adenine tetrad can be constructed which is isomorphous with the guanine tetrad but only contains a total of four hydrogen bonds as is the case with the hypoxanthine tetrad ( Fig. 1) (5) . In support of this, poly[d(GGA)], poly[d(GA)] and polyfd(GAA)] also form selfstructures with the Tm decreasing with increasing adenine content. The CD spectra of these adenine-containing polymers are similar to those for poly(dG) and poly(rG)-that is they all contain positive bands centered at 260 nm and negative bands around 240 nm (6, 7) . Therefore they almost certainly belong to the same family of structures. Guanine-adenine interactions in 'these polymers appear unlikely" because poly[d(GGA)J and poly[d(GAA)] contain unequal amounts of the two bases precluding the formation of isomorphous regular repeating structures if G-A hydrogen bonds were allowed (5) . It has been suggested that in these polymers the adenines are extrahelical (8) but this seems unlikely for two reasons. Firstly, poly[d(Gm 6 A)] does not form a self-structure; the methyl group on the 6-amino of adenine blocks the hydrogen bonding in the adenine tetrad but would not be expected to cause interference in an extrahelical position (5) . Secondly, polyfd(GGA)] and poly[d(GA)] will not renature to give a hybrid structure (9) . This would be expected if extrahelical adenines were allowed.More recent work with a variety of guanine-rich sequences is also in favour of a four-stranded structure (3, 4, 10) . Thus the evidence for a tetraplex appears overwhelming and it seems unnecessary to postulate alternative structures in the absence of contradictory evidence.
Polypurine-rich sequences are found frequently in the eucaryotic genome including the telomeric regions (11) . Several telomers have been sequenced and all are guanine rich e.g. (T 4 G 4 ) n from Oxytrichia (12), (T 2 G 4 ) n from tetrahymena (13) and (T 2 A G3) n from primates (14) . These model sequences have been shown to form tetraplexes in vitro and a tetraplex might be formed during meiosis to align the sister chromatids (10) .
Several groups have reported that metal ions particularly K + stabilize these structures to an unexpected extent (12, 15, 16 
MATERIALS AND METHODS
The three polypurine DNAs were prepared by Exonuclease IE digestion of the appropriate duplex as described previously (5) . As judged from an ethidium fluorescence assay less than 2% of thejiuplexj^mained (5)^ _ Thermal denaturation profiles were measured at 260 nm on a Gilford 600 spectrophotometer equipped with a thermoprogrammer and a heating rate of 0.5°C/min. All measurements were made in 10 mM Tris-HCl pH 8.0 buffer with added metal chloride ions.At very low ionic strengths these polymers are single-stranded as judged from the A^ since upon adding NaCl the absorbance decreases by 10 to 30% depending on the polymer.
CD spectra were measured for poly[d(GA)] and poly[d(GGA)] in 0.1 M KC1 and 10 mM Ba 2+ (Data not shown).For each polymer the spectra were virtually superimposable and agreed well with those published previously (5) . Consequently it seems reasonable that related structures are being adopted in the presence of both mono-and divalent ions and it will be assumed that this is a tetraplex.
RESULTS AND DISCUSSION
Some representative thermal denaturation profiles for poly[d(GA)] are shown in Figure 2( 2+ the maximum occurs at about 2 mM while for Ba 2+ and Mg 2+ the highest Tm is found at about 7 mM. Presumably the divalent ions are interacting with the tetraplex in two opposing ways. First, they bind to the phosphate groups reducing the charge repulsion and thereby stabilize the helix. Second at higher concentrations they also interact with the functional groups involved in hydrogen bonding and therefore disrupt the tetraplex. Destabilization of duplex DNA has been observed with some divalent metal ions such as Cu 2+ and Cd 2+ (17, 18) . However, Mg 2+ , at least up to 0.2 mM, does not show this effect (18) .
As shown in Figures 3 and 4 and K + illustrate these points well. With Na + the Tm increases with increasing concentration giving a curve which is parallel to that of poly[d(GA)] but shifted 10°C to higher temperatures. Again this reflects the higher guanine content. However the hyperchromicity decreases. Thus in 0.1M Na + the Tm is about 61 °C with a hyperchromicity of 15% while in 0.4 M Na + the corresponding values are 71°C and 5%. Above 0.4M Na + no transition can be observed. It should be noted that at all concentrations of Na + the transitions are freely reversible. In other words cooling and remelting the sample gives rise to the same profile.
For K + the transition disappears at lower concentrations (Figure 2(b) ). Thus a reversible cooperative transition is found in 0.1M K + . In 0.2M K + a very broad transition is observed at about 62°C when the polymer is first melted. However this transition is not reversible. On cooling the original A260 is not restored and on reheating there is a steady but small increase in absorbance with increasing temperature (Figure 2 heating. Thus in the presence of K + , tetraplex formation exhibits hysteresis.
The behaviour of NH4" " interferes with H-bonding in the guanine tetrad. On the other hand Ca 2+ only gives a reversible transition up to about 1 mM and even 0.3 mM Ba 2 * is sufficient to prevent a preformed tetraplex from melting. The highest concentration of cation which gives a reversible cooperative transition is therefore much lower for Ba 2+ and Ca 2+ than for Na + and K + . These results are summarized in Table I .
It is clear that there is a correlation between the ionic radius of the cation (19) and the highest concentration which gives rise to a reversible cooperative transition. Both K + and Ba 2+ have similar ionic radii (= 1.34 A) and are the most effective monovalent and divalent cations respectively. It has been postulated that an ion of this size can form a perfect coordination complex with the 6-keto group from eight guanines, four from a tetrad above and four from a tetrad below the cation (3 Poly[d(GA)] and polyfd(GAA)] cannot form G 8 -DNA because they do not have contiguous guanine tetrads and therefore only a cooperative melt from tetraplex to single-strands can be observed. For polyfd(GGA)], at sufficiently high concentrations of a suitable cation, G 8 -DNA is formed. This will not melt cooperatively because each G 8 segment is an island separated by adenine residues. The equilibrium between tetraplex and G 8 -DNA is dependent on the cation concentration and thus as the concentration is increased the cooperative melting to singlestrands is decreased in favour of non-cooperative melting from G 8 -DNA. Therefore the hyperchromicity of the cooperative transition decreases with increasing cation concentration as is observed in figure 2(b) .
The hysteresis observed with poly[d(GGA)] at some concentrations of K + and Ca 2+ is also explicable in terms of Gg-DNA. After melting the tetraplex, single-strands will form which on rapid cooling will reassociate into segments of Gg-DNA. However two segments^FG^DNA~wuTonly reform a perfect tetraplex if the same four strands are involved in both segments of G 8 -DNA. In reality, therefore, a complex three dimensional network will form which is made up of cubes of Gg-DNA linked by adenine residues. On reheating, this structure will not give rise to a cooperative transition. Similar conclusions were reported by Sen and Gilbert (16) . In vitro, Na + , K + , Mg 2+ and Ca 2+ are all present in the cytoplasm and presumably the nucleus of eucaryotic cells. It is known that the Ca 2+ concentration, for example, increases dramatically upon fertilization of an oocyte (20, 21) . Therefore the structure which is adopted by the guanine-rich telomers may change during the cell cycle and will be dependent on a subtle balance between the concentrations of Na + and K + on the one hand and Mg 2+ and Ca 2+ on the other.
